At room temperature, cobalt oxide cations directly convert methane to methanol with high selectivity but very low efficiency. Two potential intermediates of this reaction, the [HO-Co-CH + aquo-carbene complex are produced in a laser ablation source and characterized by electronic and vibrational spectroscopy. Reaction of laser-ablated cobalt cations with different organic precursors seeded in a carrier gas produces the intermediates, which subsequently expand into vacuum and cool. Ions are extracted into a time-of-flight mass spectrometer and spectra are measured via photofragment spectroscopy. Photodissociation of [HO-Co-CH + (Ar) complex has been synthesized and its vibrational spectrum measured in the O-H stretching region. The resulting spectrum is sharper than that obtained via IRMPD and gives ν OH = 3642 cm −1 . Also, an improved potential energy surface for the reaction of CoO + with methane has been developed using single point energies calculated by the CBS-QB3 method for reactants, intermediates, transition states and products.
+ aquo-carbene complex are produced in a laser ablation source and characterized by electronic and vibrational spectroscopy. Reaction of laser-ablated cobalt cations with different organic precursors seeded in a carrier gas produces the intermediates, which subsequently expand into vacuum and cool. Ions are extracted into a time-of-flight mass spectrometer and spectra are measured via photofragment spectroscopy. 
I. INTRODUCTION
The direct and efficient conversion of methane to methanol,
has long been a "holy grail" of catalysis. 1 In nature, direct methane-methanol conversion is catalyzed by methane monooxygenases (MMOs). Soluble MMO contains an iron-oxo center;
2 particulate MMO has copper at the active site. In the laboratory, this "holy grail" has yet to be realized, as reaction efficiencies are low. For example, direct oxidation of methane by a H 2 /O 2 mixture using a FePO 4 catalyst shows 80% selectivity for methanol production at 630 K, but the rate of methane conversion is very low, 0.02 μmol m −2 s −1 ; higher temperatures improve the conversion rate, but the selectivity decreases. 3 There has been considerable progress in direct methane-methanol conversion using metal-doped zeolites. Although most of these systems require N 2 O as the oxidant, Bitter and co-workers report production of 1.2 μmol methanol/g catalyst with ∼75% selectivity with O 2 as the oxidant using cobalt-doped ZSM-5 zeolites. 4 Unfortunately, this is not a continuous process, but rather involves calcining the zeolite in air at 550
• C, reaction with methane at 150
• C, and extraction of the product using ethanol. Other promising results include direct oxidation of methane to a methyl ester using a platinum catalyst 5 and the synthetically useful oxidation of unactivated C-H bonds using an iron-based catalyst with H 2 O 2 as the oxidant. In 1990, Schröder and Schwarz observed that gas-phase FeO + reacts efficiently with methane at room temperature, producing methanol with good selectivity. 7 As a result, the reactions of gas-phase metal oxide cations with methane have been systematically investigated, at room temperature using ion cyclotron resonance (ICR) spectrometers and selected ion flow tubes, and at hyperthermal energies using guided ion beams. The first-row transition metal oxides have been most extensively studied. Their room-temperature reaction efficiencies and selectivities vary greatly. The early metals ScO + , TiO + , VO + , and CrO + exhibit no reactivity toward methane, due to their strong metal-oxygen bonds. Although MnO + reacts with methane very efficiently, MnOH + + CH 3 is the major product; the branching ratio to methanol is less than 1%. 8 
FeO
+ reacts efficiently, forming methanol with 41% selectivity (the major product is FeOH + + CH 3 ). 7, 9 CoO + reacts very inefficiently, at only 0.5% of the collision rate, but the branching ratio to methanol is 100%. 10, 11 NiO + exhibits efficient reactivity and high methanol branching ratio, 12, 13 and it was recently determined that CuO + also reacts efficiently with CH 4 , producing methanol with 60% selectivity (the other major product is CuOH + + CH 3 ).
14 Reactions of gas-phase transition metal oxide cations MO + with methane are thus a simple model system for the direct conversion of methane to methanol, which has spurred extensive experimental and computational studies. 9, 12, 13, [15] [16] [17] [18] The key intermediates in the reaction are the OM + adduct. Adduct formation is much more efficient with larger Co n + clusters (n = 2-5). These clusters also dehydrogenate methanol. 20 Hirabayashi et al. measured spectra of methanol adsorbed onto cobalt cluster ions Co n + (CH 3 OH) m (n = 2-6, m = 1-3) in the O-H and C-H stretching region. 21 For the smallest system studied, Co 
II. EXPERIMENTAL AND THEORETICAL METHODS
Electronic and vibrational spectra are measured using a dual time-of-flight reflectron photofragment spectrometer. 16, 25 Cobalt cations are generated by laser ablation of a cobalt rod (Sigma-Aldrich, 99.8% pure) and then react with a suitable organic precursor diluted in a carrier gas (He, Ar, or a mixture) to produce the target molecule. The choice of precursors is guided by those used by Chen et al. 11 in guided ion beam studies of CoO + + CH 4 reaction intermediates and in the collisional activation studies of Schröder et al. 26 and our spectroscopic studies of intermediates of the FeO + + CH 4 reaction. 23, 24 Details of the precursors used and characterization of the intermediates produced are discussed in Sec. III B. Ions produced in the source expand supersonically into vacuum and cool to a rotational temperature of ∼10 K. 27 Ions are accelerated to 1800 V kinetic energy, then re-referenced to ground potential before entering the field-free flight tube. Mass-selected ions are photodissociated at the turning point of the reflectron.
Energetically + (Ar). The photodissociation efficiency is greatly improved by using a multi-pass mirror arrangement 28 in which the laser makes 21 passes through the ion cloud. The IR light source is a Nd:YAGpumped optical parametric oscillator which is tunable from 2 to 5 μm, producing ∼10 mJ/pulse near 3600 cm −1 . The IR beam path is purged with nitrogen to minimize absorptions by atmospheric water vapor. The laser wavelength is calibrated using H 2 O and CH 4 absorptions. For the electronic spectroscopy, the light source is a Nd:YAG-pumped tunable dye laser. Fragment ions and undissociated parent ions are detected by a dual micro-channel plate detector. The ion signal is amplified, collected on a digital oscilloscope or a gated integrator, and averaged with a LABVIEW-based program. The photodissociation spectrum is obtained by monitoring the yield of the fragment ion of interest as a function of wavelength and normalizing to parent ion signal and laser fluence. The photodissociation spectrum is the product of the absorption spectrum and the photodissociation quantum yield.
Computations are carried out with the GAUSSIAN 2003 program package. 29 Optimized geometries of the reactants, intermediates, transition states and products are calculated using the Becke Lee-Yang-Parr hybrid HF/density functional theory (DFT) method (B3LYP) with the 6-311+G(d,p) basis set. Vibrational frequencies are computed to ensure that all optimized geometries correspond to a local minimum or a first-order saddle point (for transition states). Vibrational frequencies are scaled by 0.961, as recommended for this method and basis set by Andersson and Uvdal. 30 More accurate energies are calculated using the complete basis set (CBS-QB3) procedure.
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III. RESULTS AND DISCUSSION
This section is organized as follows. First, the calculated potential energy surface (PES) and mechanism of the CoO + + CH 4 reaction will be presented. Then, precursors and source conditions used to generate specific reaction intermediates and their identification will be discussed. Finally, electronic and vibrational spectroscopy will be used to characterize the intermediates.
A. Mechanism of the CoO + + CH 4 reaction
To establish the accuracy of the computational methods used, we compare calculated and accurate experimental 41 .4 kJ/mol higher (this is the weighted average of the spin-orbit levels). 32 Density functional methods give a wide range of values for the triplet-quintet splitting, depending on the basis set. The difficulties in devising basis sets that treat the 3d and 4s orbitals in a balanced manner is a longstanding problem in density functional-based methods. 33 Calculations at the B3LYP level by Yoshizawa et al. using a partially uncontracted, augmented Wachters basis set incorrectly predict a quintet ground state, 35 kJ/mol below the triplet state. 18 On the other hand, B3LYP calculations with the TZVP basis set give the correct ordering, with the triplet 70 kJ/mol below the quintet. 34 A more reliable 35 alternative to density functional-based calculations are hybrid methods developed for accurate thermochemistry, such as the CBS-QB3 approach. 31 The CBS-QB3 method has been used to characterize the PES for the FeO + + CH 4 and CuO + + CH 4 reactions. 14, 24 The CBS-QB3 procedure starts with optimizing the geometry and calculating harmonic frequencies at the B3LYP level. Then, from a series of single point energy calculations at various levels of theory and with different basis sets, one extrapolates the result of a large basis set calculation at a very high level of theory. Energies calculated using CBS-QB3 have similar accuracy to an extrapolated series of coupled-cluster single double (triple) (CCSD(T)) calculations with very large basis sets, and are significantly more accurate than a single CCSD(T) calculation with a modest basis set. 36 CBS-QB3 calculations correctly predict the ordering of the Co + states, with the quintet 63 kJ/mol above the triplet. The CBS-QB3 calculations slightly underestimate the Co + -O bond enthalpy. As a result, they slightly overestimate the exothermicity of the CoO + + CH 4 reaction. The calculations predict that the Co + (CH 3 OH) exit channel complex is bound by 181 kJ/mol relative to Co + + CH 3 OH, which is slightly higher than the experimental value 11 of 148 ± 8 kJ/mol. Overall, for the quantities shown in Table I + insertion intermediate. The CoO + reactant has a quintet ground state. 37 Triplet and quintet TS1 have similar energies, and both lie above ground state reactants. The overall reaction efficiency is determined by the probability that reactants will cross TS1. This can occur via quintet TS1 or over the slightly lower triplet TS1 following a spin change. Since both TS1 lie ∼25 kJ/mol above the reactants, it is not surprising that the efficiency for the thermal reaction is only 0.5%. 10, 12 The calculations predict that, from [HO-Co-CH 3 ] + through to products, the minimum energy pathway is clearly the triplet. Figure 2 shows the structures of the triplet intermediates calculated at the B3LYP/6-311+G 38 This product is not observed in the bimolecular reaction, as TSa and TS2 are similarly tight transition states, but TS2 is calculated to lie 69 kJ/mol lower in energy. TSa is a four-center transition state, with Co-O and Co-C bond lengths of 1.887 Å and 2.065 Å, respectively, and a O-Co-C angle of 80
• . The reaction coordinate is a hydrogen transfer, with O-H and C-H distances of 1.264 Å and 1.399 Å at the transition state, respectively. The aquo-carbene intermediate has a short 1.83 Å Co-C bond, and a 1.99 Å Co-O distance. Production of the metal carbene and water is the major pathway (70%) in the reaction of PtO + with methane, with methanol production accounting for the remaining 30%. 39 For the PtO + reaction, TSa is calculated to lie 2 kJ/mol below TS2 at the PCI-80 level, due to the very strong Pt=C bond. 39 Our CBS-QB3 results are in good agreement with guided ion beam mass spectrometry experiments of Chen et al. 11 They find that the CoO + + CH 4 → Co + + CH 3 OH reaction has an onset of 54 ± 8 kJ/mol. Overall, the reaction is exothermic, so they associate this onset with the reaction barrier TS1 (Fig. 1) . The experiments could not determine the multiplicity of the transition state accessed. Our calculations predict slightly lower reaction barriers of 24 kJ/mol for the triplet state and 31 kJ/mol for the quintet. The measured onset could correspond to either the quintet barrier, or to the triplet barrier, if quintet-triplet conversion is efficient. The calculations predict such similar barriers for the two spin states that we cannot distinguish between the two possibilities. However, it is clear from the experiments that at low energies the reaction to produce Co + + CH 3 OH proceeds via the triplet TS2, as this lies significantly below quintet TS2. Quintet TS2 lies above the energy of CoOH + + CH 3 , so the methyl radical product would dominate at low energies if the reaction remained on the quintet surface. The potential energy surface in Figure 1 is similar to previous B3LYP results of Yoshizawa and co-workers. 17, 18 The most significant difference is that the specific basis set used for cobalt in their B3LYP calculations incorrectly predicts that triplet Co + lies 35 kJ/mol above quintet Co + , leading to significant error in the exothermicity of the overall reaction. In addition, the relative energies of the triplet and quintet insertion intermediates and TS2 are ∼40 kJ/mol lower than our computed results. + ) than reaction with acetic acid, based on our spectroscopic results, shown below.
B. Synthesis and characterization of [HO-
An additional potential complication in studies of transition metal reaction intermediates is the possible presence of low-and high-spin states at similar energies. This is particularly problematic for the FeO + + CH 4 → Fe + + CH 3 OH system, in which the minimum energy pathway goes from high-spin reactants to low-spin intermediates, and back to high-spin products. However, this is less of an issue for CoO + + CH 4 → Co + + CH 3 OH. Although the ground state of CoO + is a quintet, Co + has a triplet ground state and low-spin triplet states are calculated to be significantly more energetically favorable for the intermediates. As a result, reaction of Co + with organic precursors produces triplet intermediates.
C. Electronic spectroscopy of [HO-Co-CH 3 ]
+
The electronic photodissociation spectra of [HO-Co-
+ produced by reacting laser ablated Co + with methanol and n-propanol are shown in Figure 3 + , where photolysis of the aquo-carbene intermediate provides an indirect means to measure the photodissociation spectrum of MCH 2 + at energies below D 0 (M + -CH 2 ), although the presence of the H 2 O shifts the electronic spectrum. 23 We have previously measured the photodissociation spectrum of CoCH 2 + directly, in the UV. 38 It shows an onset at 360 nm, with broad vibrational structure from 310 to 320 nm.
The electronic photodissociation spectrum of [HO-Co-
+ produced via reaction with methanol ( Figure 3 , red trace) shows a series of broad peaks spaced by 335 cm −1 , with partially resolved peaks at smaller spacing. The spectrum obtained using n-propanol is more clearly resolved, with progressions in two vibrations in the excited state, at 335 cm
and 90 cm −1 . The peaks are superimposed on a very broad photodissociation peak that continues further to the red. However, no additional vibrational structure is observed. We observe similar spectra with all three precursors. As discussed above, reaction of Fe + with acetic acid and n-propanol has been shown to produce the insertion intermediate and not the exit channel complex. Thus, it is most likely that the [HOCo-CH 3 ]
+ insertion intermediate is responsible for the structure in the spectrum, although Co + (CH 3 OH) may contribute to the broad, nonresonant dissociation. The relative photodissociation yield is different for the three precursors, with npropanol giving the highest dissociation yield, implying that reaction of Co + with n-propanol gives relatively more [HOCo-CH 3 ]
+ than the other precursors. Ions produced via reaction with n-propanol clearly give the sharpest spectrum. This likely reflects differences in the vibrational temperature of [HO-Co-CH 3 ]
+ from different precursors. Reaction of Co + with methanol to produce [HO-Co-CH 3 ] + is calculated to be 83 kJ/mol exothermic (Fig. 1) . Thus, the initially formed ions are highly vibrationally excited, and many collisions with the helium buffer gas are required to cool them. Vibrational hot-and sequence-bands thus contribute to the breadth in the methanol spectrum. In contrast, the reaction of Co + with npropanol to produce [HO-Co-CH 3 ] + + C 2 H 4 is calculated to be ∼21 kJ/mol endothermic. As a result, the [HO-Co-CH 3 ] + formed is likely to be vibrationally colder, especially considering that the C 2 H 4 product can also take away energy.
We also react Co + with CD 3 OH in He to produce [HOCo-CD 3 ] + . The resulting spectrum is shown in green in Figure 3 . The major progression shows a modest isotopic shift, from 335 cm + is slightly sharper, presumably because the excited electronic state is longer-lived. A Franck-Condon analysis of the electronic spectrum was carried out in order to estimate the geometry change upon electronic excitation. The ground state Co-C stretching and bending frequencies were set to the B3LYP/6-311+G(d,p) values (424 and 163 cm −1 , respectively), and the vibrations were assumed to be harmonic and separable. The best-fit simulation is shown in black in Figure 3 . It corresponds to a displacement of 0.12 Å in the Co-C stretch and 8
• in the O-Co-C bend. Similar displacements (0.13 Å and 4.4
• ) were observed 23 for [HO-Fe-CH 3 ]
+ . The harmonic simulations do not indicate the direction of the displacement. However, electronic excitation likely leads to lengthening of the Co-C bond because the Co-C stretching frequency is significantly lower in the excited state than in the ground state. This is supported by TD-DFT calculations.
In order to further characterize the triplet excited electronic states of [HO-Co-CH 3 ]
+ we carried out TD-DFT calculations at the B3LYP/6-311+G(d,p) level. Figure 4 shows a scan along the Co-C bond, with all other coordinates fixed at the equilibrium ground state value. Excited state 5, shown in blue, is in excellent agreement with the observed electronic spectrum. It has an equilibrium Co-C bond length of 2.057 Å. This corresponds to a calculated displacement of 0.127 Å, in excellent accord with experiment. By numerically solving the Schrodinger equation on the calculated excited state potential, we calculate the Co-C stretching frequency to be 376 cm −1 , slightly higher than is observed. The calculated term value is 13 800 cm −1 , in decent agreement with the observed T 0 = 16 020 cm −1 . The next excited state, shown in green, better matches the observed transition energy (calculated T 0 = 16 800 cm −1 ), but is a poorer match to the excited state frequency (478 cm −1 ) and displacement (0.062 Å). Scanning the bend potential, excited state 5 is calculated to have an O-Co-C angle of 117.5
• , which is 13
• larger than the ground state, in accord with experiment.
D. Vibrational spectroscopy of reaction intermediates
Vibrational spectra of two reaction intermediates -[HO-Co-CH 3 ]
+ and [H 2 O-Co=CH 2 ] + , with potential contributions from Co + (CH 3 OH) -were measured using photofragment spectroscopy. In order to obtain vibrational spectra using photofragment spectroscopy, absorption of a photon needs to lead to bond breaking. One photon in the O-H stretching region only has ∼43 kJ/mol of energy, so photodissociation of the intermediates requires at least two to five photons, depending on the intermediate. Vibrational spectra were thus measured using IRMPD and by IR-REPD of argontagged molecules [CoCH 4 O] + (Ar). Our study of intermediates of the FeO + + CH 4 reaction also used these techniques. 24 In IRMPD, the molecule sequentially absorbs several photons, which provide the energy required to break the weakest bond. Also, the energy needs to flow from the vibration excited to the dissociation coordinate. The efficiency of IRMPD is enhanced by a high density of vibrational states and rapid intramolecular vibrational redistribution (IVR) which maintains the resonance that would otherwise be lost due to anharmonicity and transfers energy from the vibration excited to the dissociation coordinate. 41 Small molecules such as [HO-Co-CH 3 ]
+ have relatively high binding energies and low IVR rates, and thus are challenging to study using IRMPD. The efficiency of IRMPD strongly depends on the laser fluence and, in this study, is greatly improved by multi-passing the IR beam. Unfortunately, spectra measured by IRMPD tend to be broad. This is due to saturation caused by the high laser powers used as well as to preferential photodissociation of vibrationally excited molecules, which require fewer photons to dissociate. 24 These problems can be overcome by measuring vibrational spectra of ions bound to a rare gas atom such as argon ("argon-tagging"). [42] [43] [44] The tag is sufficiently weakly bound that absorption of one IR photon by the chromophore leads to loss of the tag. Using a weakly bound tag usually ensures that perturbations to the spectrum are small. However, there are some ions for which rare-gas tagging significantly perturbs the spectrum. 44, 45 We measure, and use calculations to predict, spectra with and without argon atoms. Vibrational resonances observed via tagging are usually sharp. This is due to the one-photon dissociation, as well as to the small ion-Ar binding energies, which ensure that Ar-tagged ions are vibrationally cold.
IRMPD spectra
In a series of experiments, [CoCH 4 O]
+ ions are produced by reacting laser-ablated Co + with methanol, acetic acid, and n-propanol, and the vibrational spectra of the resulting ions measured using IRMPD. Different precursors can produce different intermediates. The intermediates often differ in their dissociation pathways and vibrational spectra. The electronic photodissociation shows that reaction of Co + with acetic acid produces [H 2 O-Co=CH 2 ] + (which photodissociates to CoCH 2 + ) and [HO-Co-CH 3 ] + (which photodissociates to Co + ). In IRMPD, we observe the same products. Figure 5 shows IR photodissociation spectra obtained by monitoring Co + and CoCH 2 + . The two spectra are clearly different, indicating that they are due to two different intermediates.
The photodissociation spectrum obtained by monitoring CoCH 2 + (Fig. 5, light 43, 48 The shift is thought to be due to the cation removing electron density from the oxygen, thereby slightly weakening the O-H bonds.
The photodissociation spectrum obtained by monitoring Co + peaks at 3630 cm −1 . This spectrum is somewhat + . The IRMPD spectrum obtained by monitoring CoCH 2 + is similar to that shown for acetic acid in Figure  5 . Figure 6 compares vibrational spectra measured by monitoring the Co + fragment from IRMPD of [CoCH 4 O] + formed from the three precursors. Spectra from acetic acid and npropanol precursors are very similar, consisting of a slightly asymmetrical peak at 3630 cm −1 , with 100 cm −1 FWHM. Using methanol as a precursor, Co + is the only fragment observed. The resulting spectrum is broader, particularly to the red. The broadening is likely due to preferential photodissociation of vibrationally hot molecules produced in the source, as well as to overlapping spectra due to the insertion and + is produced using the same precursors as for the IRMPD experiments, using argon as the carrier gas.
Argon binding energies have not been measured for these molecules. However, argon binds very strongly to bare Co + (D 0 = 737 cm −1 ). Absorption of one photon in the O-H stretching region should readily lead to dissociation, and we observe much higher dissociation yields than for untagged molecules, with loss of argon the only dissociation pathway. Photodissociation spectra of [HO-Co-CH 3 ]
+ (Ar) produced using methanol, n-propanol, and acetic acid precursors are shown in sharper than in the IRMPD spectrum, with FWHM = 25 cm −1
(methanol and n-propanol) and 10 cm −1 (acetic acid) rather than 100 cm −1 . There is a small blueshift observed on Artagging, of ∼12 cm −1 , in accord with calculations (Table II) + is observed near 3580 cm −1 (Fig. 5) , we do not observe this peak in the Artagged spectrum. This is likely due to the very low binding energy of argon to [H 2 O-Co=CH 2 ]
+ , which makes Ar-tagged complexes much more difficult to produce.
Combining our spectroscopic and computational results with previous studies of reaction kinetics and dynamics reveals several details of the mechanism of the CoO + + CH 4 reaction. Reaction studies at 300 K produce two striking results: the low efficiency of the reaction (0.5% of the collision rate), and the high selectivity for methanol production (100%). 10 The low reactivity at thermal energies is consistent with guided ion beam studies which find a reaction onset of 54 kJ/mol. 11 Our calculations predict that the barrier to produce the key [HO-Co-CH 3 ]
+ intermediate lies ∼25 kJ/mol above reactants. The triplet and quintet barriers are calculated to be similar. This barrier leads to the low observed efficiency at low collision energies. This situation is very different from what is observed for the reactions of FeO + with methane and hydrogen, where the thermal reaction efficiency is determined by spin conversion from high-spin (sextet) reactants to lowspin (quartet) intermediates, as the quartet transition state lies well below the sextet. 50 The high selectivity for methanol production is due to the relative energies of TS2 (which leads to the Co + (CH 3 OH) exit channel complex) and competing CoOH + + CH 3 . Production of CoOH + + CH 3 is endothermic (Table I) Thus, at least for these two systems, the half-reaction initiated by IRMPD of the insertion intermediate produces the same products as the thermal reaction, and with similar branching ratios.
IV. SUMMARY AND CONCLUSIONS
Electronic and vibrational spectra of intermediates of the gas-phase CoO + + CH 4 → Co + + CH 3 + either in the visible, or by multiple IR photons, exclusively produces Co + , which parallels the results obtained in the thermal bimolecular reaction.
10
ACKNOWLEDGMENTS
Financial support from the National Science Foundation (NSF) under Award No. CHE-0911225 is gratefully acknowledged.
